A new procedure has been developed for isolating no-carrier-added 197m,g Hg from 20 to 25 MeV a-particle irradiations of high purity Pt foils. A previously published procedure for isolation of 197m,g Hg from 12 to 15 MeV proton irradiations of Au foils has been further characterized. From these procedures two separate methods have been established to isolate, with high separation factors, 197m,g Hg from Pt to Au target materials.
Introduction
A recent renewed interest in the production and isolation of 197m,g Hg has arisen in the field of potential radiopharmaceutical applications [1, 2] . Decades ago, Hg isotopes with low specific activity (produced from neutron reactions on natural Hg) were used for imaging in the 1950s until the 1960s [2] [3] [4] . The high toxicity and long biological half-life associated with Hg led to its demise as a radiopharmaceutical. However, there is a renewed interest in producing high specific activity, no-carrier-added (NCA) 197m,g Hg for imaging and therapy that can be produced in large quantities by the following reactions with known excitation functions:
197 Au(p,n) 197m,g Hg, 194 Pt(a,n) 197m,g Hg and 195 Pt (a,2n) 197m,g Hg [5, 6] . At the energies used (20-25 MeV), the 195 Pt(a,2n) 197m,g Hg reaction will be the dominating reaction in the Pt irradiations. Due to the differences in target and product elements in these chargedparticle reactions, these NCA activities can be produced with little to no stable Hg present. Typical reactions use proton or alpha-particle bombardments of stable targets.
Previous work on separations of NCA 197m,g Hg from Au foils is has mostly been focused on distillation of the metal, sublimation of HgCl 2 , or liquid-liquid extractions [2, [7] [8] [9] [10] . Drawbacks of these methods range from product losses, low efficiency, and difficult post processing of purified material. Two methods exist based on simple column-based extractions where evaporation is the only post processing required. One method uses the Eichrom LN resin and has high efficiency and purity of obtained 197m,g Hg [1] . The other, method presented in our previous work, uses the Eichrom TEVA resin in a similar manner [11] . The initial results presented in Ref. [11] showed a medium purity of obtained 197m,g Hg; however, the true separation factors were not investigated as the chemical separation was designed to obtain suitably pure 197m,g Hg for homolog studies of flerovium rather than pure material for radiopharmaceutical applications. Essentially no literature exists for the separation of NCA 197m,g Hg from aparticle irradiated Pt foil targets.
High purity Au, Pt, and Ir (for production of 191 Pt tracer) foils were irradiated at the Lawrence Livermore National Laboratory (LLNL) Center for Accelerator Mass Spectrometry (CAMS) 10-MV model FN tandem Van-de-Graff accelerator with 12-15 MeV protons (Au and Ir) and 20-25 MeV a-particles (Pt), with beam currents of 100-400 nA. These energies and beam currents are suitable to produce 197m,g Hg and 191 Pt. In this work we present a simple method for obtaining high purity 197m,g Hg from nat Pt foils. Also discussed is an improvement to work presented in Ref. [11] where the purity of the extraction of 197m,g Hg from Au is discussed in greater detail by performing a more careful extraction.
Experimental

Production of radionuclides
Target foils were irradiated at CAMS in the same methods as detailed in Ref. [11] . Both a-particles (Pt foils) and proton (Au and Ir foils) bombardments were performed.
Reagents and materials
The nat Au (99.95%), nat Pt (99.99 ? %), and nat Ir (99.9%) foils were obtained from Goodfellow (Ir and Pt) and Alfa Aesar (Au). Each foil was 25 lm thick and 30-70 mg. All foils were used as received. Reagents for the separations were prepared from trace-metal grade acids and deionized water (18 MX cm). Pre-packed 2 mL vacuum flow Eichrom Pb resin (50-100 lm, 40% w:w) and Eichrom TEVA resin (50-100 lm, 40% w:w) cartridges were used. BioRad AG 1 9 8 (100-200 mesh) resin was cleaned prior to use as described in Ref. [12] .
Radiochemical separation of NCA activities
The separation of 197m,g Hg from the Au target material was performed exactly as described in Ref. [11] with two stacked Eichrom prepacked 2 mL TEVA columns on a vacuum box. However, in this case the 2 mL of the 1 M HNO 3 load solution was placed in a 15 mL centrifuge tube and counted by HPGe gamma spectroscopy (for 600 s) to get initial 197m Hg (E c = 133.99 keV, t 1/2 = 23.8 h [13]) and 198 Au (E c = 411.80 keV, t 1/2 = 2.70 d [13]) count rates, which was produced from neutrons scattered during the irradiation via the 197 Au(n,c) 198 Au reaction. The 2 mL load solution was prepared by dissolving the Au in 1 mL of Aqua Regia and evaporating this to dryness before reconstituting with 2 mL of 1 M HNO 3 . The column was conditioned with 10 mL of 1 M HNO 3 prior to loading. The sample was loaded on to the column and the load fractions were collected. The column was rinsed twice with 2 mL of 1 M HNO 3 . Elutions began with 197m,g Hg, which was eluted with six, 2 mL 12 M HNO 3 fractions followed by 198 Au, which was eluted with ten 2 mL conc. HNO 3 fractions. Care was taken not to allow the column to run dry by stopping flow before liquid reached the top frit between each fraction. Each fraction was collected in a 15 mL centrifuge tube (to maintain counting geometry) and counted by HPGe gamma spectroscopy for 600 s.
The procedure for the isolation of 191 Pt from the irradiated nat Ir foil is based on distribution ratios presented in Ref. [14] [15] [16] . The foil was dissolved based on the procedure presented in Ref. [17] . It was placed in a ceramic crucible along with 1.9 g of both KOH and KNO 3 . The crucible had a lid placed on it and was placed in a furnace at 900°C for 1 h to convert the Ir into IrO 2 which was imbedded in the green-blue salt cake. A column with AG 1 9 8 (100-200 mesh) with a bed volume of 7 mL was preconditioned with 10 mL of conc. HCl. To the salt cake, 20 mL of conc. HCl were added to leech Ir out of the cake for 10 min. The leachant was added to the top of the column along with a 10 mL rinse of conc. HCl. Iridium was eluted with 20 mL of conc. HI and Pt was eluted with 20 mL of conc. HNO 3 . After the Ir elution and prior to Pt elution, 10 mL of water were run through the column to try and prevent a HNO 3 /HI reaction.
The separation of 197m,g Hg from the Pt target material was performed using two stacked, 2 mL pre-packed Eichrom Pb resin cartridges and vacuum flow at * 1 mL/ min. A spike of the previously produced 192 Pt (approximately 3 cps on the detector used) was added to 3 mL of Aqua Regia and the foil was dissolved in this solution with gentle heat. Following dissolution it was evaporated to dryness at 95°C (to limit volatilization of Hg) twice with addition of 2 mL conc. HCl before being reconstituted in 2 mL of 0.4 M HCl and transferred to a 15 mL centrifuge tube. The stock solution was counted by HPGe gamma spectroscopy to get the initial 197m Hg and 191 Pt (E c = 538.9 keV, t 1/2 = 2.80 d [13]) count rates. The column was conditioned with 10 mL of 0.4 M HCl prior to loading. The dissolved Pt foil was added to the column and seven additional 2 mL fractions or 0.4 M HCl were collected to elute Pt. The first 2 mL fraction of conc. HCl was collected and the second added to the top of the column before capping the column for 1 h. This was done based on results presented in [18] that indicate Hg has slow desorption times on this resin. Following this, eight additional 2 mL fractions of conc. HCl were collected to finish elution of Hg. As mentioned above, care was taken not to allow the column to run dry. Each fraction was counted by HPGe gamma spectroscopy for 600 s. All fractions in every experiment were counted in the same geometry on the same detector so simple counts per second per sample could be compared directly without having to account for efficiency corrections between samples.
Results and discussion
The separation of 197m,g Hg from Au target material is discussed in detail in Ref. [11] . The major difference in this work is that an elution curve was able to be generated during the separation due to the removal of Au from the column following Hg elution. Figure 1 shows the elution curve for the separation of From Fig. 1 it is seen that a very small amount of Hg (due to the slow kinetics of conversion from the sorbed anionic complex to a non-anionic complex) is seen at the start of the Au elution. Au forms a very strong anionic complex which is hard to reverse, thus leading to the broad elution peak. The two highest activity of Hg points from Fig. 1 (12 M HNO 3 fractions numbers 2 and 3) were combined and evaporated to 2 mL volume in a 15 mL centrifuge tube (to maintain counting geometry) and counted for 7200 s to see if any visible 198 Au was present. No detectable amount was seen, indicating a very efficient separation from the target material.
The 191 Pt tracer was obtained in low yield using the procedure mentioned and was not well characterized. Prior to addition to the Pt target dissolution solution it was evaporated to dryness and no residue was seen indicating a sizable percentage of the Ir target material was removed. This was produced just to trace the Pt target material during the separation and not to quantify the separation factor.
The extractant 4 0 ,4 00 (5 00 )-di-tert-butyldicyclohexano-18-crown-6 (DtBuC18C6) sorbed on the Eichrom Pb resin is known to extract Hg at low concentrations, but was presumed to have no affinity for the Pt(IV) complexes present in an HCl solution [18] . Therefore, loading the column in 0.4 M HCl should see the Pt foil pass directly through the column while Hg is retained. The reason for using two stacked 2 mL columns instead of one, even though the Hg was at ultratrace amounts and capacity was not an issue, was due to the slow sorption and desorption kinetics of Hg on this resin [18] . Therefore by using two columns it was hoped that all Hg would have time to be retained on the resin bed without having to cap the column after loading. Figure 2 shows elution curves for this separation.
As seen from Fig. 2 there is a large separation between both the Pt and Hg peaks. The Hg peak is somewhat broad due to the slow desorption kinetics mentioned above, and to make sure a sharp elution peak was obtained the column was capped for an hour after the first conc. HCl fraction to enable the Hg to desorb before elution was completed. Table 1 shows a summary of the two separation procedures.
As can be seen from Table 1 , very high recoveries of 197m,g Hg are reported for both methods. Due to the slow desorption kinetics associated with removing 197m,g Hg from the Pb resin extractant only 90.1 ± 0.2% was recovered. This could be increased by increasing the amount of time the column sits in 12 M HCl or slowing the flow rate; however, the entire separation took approximately 90 min while achieving this recovery. In the case of the Pt foil 124 ± 10% was reported as the target recovery with errors from counting statistics only. This greater than 100% recovery was due to the very large 197m Hg (* 3000 cps) count rate and rather small 192 Pt count rate (* 3 cps) in the stock solution before running the column. Due to the aforementioned counting rates, there is likely a Fig. 1 Column elution of 2 mL, pre-packed, Eichrom TEVA resin cartridges at * 1 mL/min flow rate for the separation of trace Hg from Pt foil. Errors presented are counting errors. Lines are to guide the eye only Fig. 1 , the slightly under 100% recovery with a larger error bar (low 198 Au count rate, * 5 cps total) is due to not running enough volume through the column to fully elute Au. The separation from Au of took a total of 30 min (same amount of time as from Pt without capping the column for an hour). In both cases dissolution of the sample and evaporation to prepare the column load solution took approximately 2 h.
Conclusions
No-carrier-added 197m,g Hg can be produced from proton or a-particle irradiations of nat Au and nat Pt foils respectively. The following reactions were used for isotope production: 197 Au(p,n) 197m,g Hg, 194 Pt(a,n) 197m,g Hg and 195 Pt (a,2n) 197m,g Hg, with proton energies of 12-15 MeV and a-particle energies of 20-25 MeV.
Separation procedures for the isolation of NCA 197m/g Hg were established for the separation of Hg from the parent Pt target material. A separation based on the Eichrom Pb resin, which uses DtBu18C6 as an extractant, was developed to separate 197m,g Hg from Pt. This method demonstrated high separation factors and high recoveries of both the 197m,g Hg and Pt target material. The separation first described in Ref. [11] was performed again, this time with elution of the Au target material to complete the Hg and Au elution curves and to elucidate the degree of separation and recovery of both the Au target and 197m,g Hg radionuclides. In both cases, no detectable amounts of the target material were seen in the 197m,g Hg fractions and clean elution curves were obtained for both production routes. In both cases a procedure was established to separate high purity 197m,g Hg from target material with a total separation time from dissolution of target to completed separation of less than 4 h.
